Atherosclerosis is initiated by adhesion and infiltration of inflammatory leukocytes into the intima, where non-receptor protein tyrosine kinases, such as focal adhesion kinase (FAK) and proline-rich tyrosine kinase 2 (PYK2), play important roles as intracellular messengers of mechanical and biochemical signals. In the present study, we examined whether FAK and PYK2 are up-regulated by elevated blood pressure or circulating humoral factors in hypertension. We used a rat model of abdominal aortic banding that allows separate evaluation of elevated blood pressure (upper body) and circulating humoral factors (lower body). We obtained the proximal and distal aortas of the banding site, 6 hours, 3 days, and 1 and 4 weeks after the banding procedure, for evaluation of phosphorylation of FAK and PYK2 by Western blotting. Arterial pressure was significantly elevated only in the upper body throughout the experimental period. The expression of FAK and the FAK phosphorylation were significantly increased at 1 and 4 weeks only in the proximal aorta. This was also the case for the expression of total PYK2 and the PYK2 phosphorylation. In contrast, there was no significant change in FAK or PYK2 phosphorylation in the distal aorta, whereas plasma levels of angiotensin II were systemically elevated. In sham-operated rats, no change in FAK or PYK2 phoshorylation was noted in the proximal and distal aortas. These results indicate that phosphorylation of FAK and PYK2 is upregulated by elevated blood pressure but not by humoral factors in the rat aorta, demonstrating novel aspects of atherogenesis in hypertension.
Atherosclerosis is the major cause of death in developed countries, which is initiated by adhesion and infiltration of inflammatory leukocytes into the intima (Ross 1999) . In the process of atherosclerosis, inflammatory cytokines and adhesion molecules play important roles to develop atheroma that consists of fibrous cap and lipid core (Fukumoto et al. 1997; Ross 1999; Shimokawa 2000; Libby and Aikawa 2002; Fukumoto et al. 2004) . It has been demonstrated that chronic hypertension accelerates vascular smooth muscle cells (VSMC) hypertrophy and extracellular matrix accumulation, which are substantially involved in the development of vascular remodeling and atherosclerosis (Lee et al. 1983; Schwartz et al. 1986; Bezie et al. 1998) . Vascular remodeling induced by hypertension is mainly caused by two factors; increased mechanical stress and up-regulated humoral factors such as angiotensin II (Tamura et al. 1998; Shimokawa 2002) . However, it remains to be examined to which extent these two mechanisms are involved in vascular remodeling in hypertension.
Recent studies have suggested that non-receptor protein tyrosine kinases play an important role in transducing mechanical stimuli to biochemical pathways by coupling with integrin (Burridge et al. 1992; Fukumoto et al. 1996; Sieg et al. 1998; Schlaepfer et al. 1999; Ostergaard and Lysechko 2005; Ramjaun and Hodivala-Dilke 2009) . Among them, focal adhesion kinase (FAK) is a non-receptor protein tyrosine kinase that localizes to the point of cell contact with extracellular matrix and has been demonstrated to activate mitogen-activated protein kinases (MAPK) in response to integrin clustering in various types of cells (Burridge et al. 1992; Sieg et al. 1998; Schlaepfer et al. 1999; Ostergaard and Lysechko 2005; Vadali et al. 2007; Cai et al. 2008) . Proline-rich tyrosine kinase 2 (PYK2) is another non-receptor protein tyrosine kinase that has a high sequence homology to FAK, sharing 45% amino-acid sequence identity (Sieg et al. 1998; Avraham et al. 2000; Rocic et al. 2002) . In FAK-null cells, PYK2 expression is increased, and PYK2 phosphorylation by fibronectin activates extracellular signal-related kinases (ERK) (Sieg et al. 1998) . Phosphorylation of these kinases is accelerated by mechanical stress (Rice et al. 2002; Iwasaki et al. 2003) . However, FAK and PYK2 could also be activated by angiotensin II, contributing to vascular remodeling in hypertension (Govindarajan et al. 2000; Rocic et al. 2002) .
In the present study, we thus examined whether FAK and PYK2 are activated in hypertension and if so, to which extent elevated blood pressure and up-regulated humoral factors (e.g. angiotensin II) are involved. In order to address this important issue, we used a rat model of abdominal aortic banding, which allows separate evaluation of elevated blood pressure (upper body alone) and up-regulated humoral factors (whole body).
Methods
All procedures were performed according to the protocols approved by the Institutional Committee for Use and Care of Laboratory Animals of Tohoku University and the Guide for Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996) .
Animal Preparation
Eighty male Wistar rats initially weighing 180-220g were anesthetized with intraperitoneal pentobarbital sodium (50 mg/kg). The rat abdominal aorta banding was performed, as previously described (Wang et al. 2004) . Their abdominal aortas proximal to the bilateral renal arteries were tightly tied with a 0.8 mm (21G) external diameter needle, and then the needle was removed, leaving a constricted aorta (AO group, n = 10 each for 6 hours, 3 days, 1 week and 4 weeks, respectively). Sham-operated rats served as controls (SO group, n = 10 for each group). All rats were housed in wire cages and fed a standard rodent chow and tap water ad libitum. Six hours, 3 days, 1 and 4 weeks after the operation, right cervical and femoral arterial pressures were measured under pentobarbital anesthesia. Then, blood samples were collected to examine circulating plasma renin activity and angiotensin II by radioimmunoassay, as previously described (Wang et al. 2004) . At the end of blood sampling, the aortas were rapidly removed and separated the proximal and distal aortas from the banding site.
The tissues were directly frozen in liquid nitrogen and stored at −80°C until the use for Western blot.
Reagents
We used mouse anti-human FAK monoclonal antibody (clone 4.47), rabbit anti-human FAK phosphospecific polyclonal antibody (pTyr397), mouse anti-human PYK2 monoclonal antibody (clone 74), mouse anti-human PYK2 phosphospecific monoclonal antibody (pTyr402, clone RR102, cross-reactive with rat) (all from BD Pharmingen, San Diego, CA, USA). We also used rabbit anti-human integrin β -1 (M-106) and goat anti-human integrin β -3 (N-20) polyclonal antibody (Sigma, St. Louis, MO, USA) as primary antibodies. We also used alkaline phosphatase-conjugated goat anti-mouse secondary antibody (American Qualex, San Clemente, CA, USA), alkaline phosphatase-conjugated swine anti-rabbit secondary antibody (Dako, Glostrup, Denmark), and alkaline phosphatase-conjugated rabbit anti-goat secondary antibody (Sigma, St. Louis, MO, USA) (Nakano et al. 2007; Saji et al. 2007; Do e et al. 2009 ).
Western Blot Analysis
FAK phosphorylation is necessary for activation of downstream signaling cascades leading to cytoskeletal reorganization and cellular growth Schlaepfer et al. 1999 ). Thus, we examined the extent of FAK phosphorylation at tyrosine residue 397, one of the major phosphorylation sites of FAK that leads to MAPK activation of MAPK . Similarly, we examined the extent of PYK2 phosphorylation at tyrosine residue 402, the most important phosphorylation site of PYK2 that is associated with MAPK activation (Avraham et al. 2000) . Integrins are mechanosensors that perceive changes in extracellular forces and act as molecular switches leading to downstream signaling through FAK to regulate vascular adaptation in hypertension (Li and Xu 2000; Shyy and Chien 2002) . Thus, we also examined the expression of β 1 and β 3 integrin subunits.
The excised rat aortic tissues were prepared by homogenization in ice-cold buffer containing 10 mmol/L Tris pH 7.4, 150 mmol/L NaCl, 1.2 mmol/L MgCl, 1 mmol/L EGTA, 1 mmol/L Na 3 VO 4 , 10 mmol/L Na pyrophosphate, 100 mmol/L NaF, 50 mmol/L HEPES, pH 7.4, 1% Triton X-100, 1% sodium deoxycholate, 10 µ g/mL leupeptin, 10 mg/mL aprotinin, and 1 mmol/L phenylmethylsulfonyl fluoride. The homogenates were centrifuged at 13,000 g for 5 min and the supernatants were collected. The protein contents were measured Table 1 . Effect of abdominal aortic banding on body weight, heart weight and blood pressure. Femoral BP (mm Hg) 96.0 ± 2.6 85.0 ± 5.2 95.0 ± 0.9 100 ± 5.6 104 ± 2.1 105 ± 3.9 112 ± 1.1 113 ± 3.3
Plasma angiotensin II (pg/ml) 17.0 ± 2.5 48.4 ± 8.7* 16.0 ± 1.8 70.4 ± 17.3* 16.0 ± 4.1 34.3 ± 6.8* 15.4 ± 3.6 18.6 ± 4.1
Plasma renin activity (ng/ml/h) 15.5 ± 0.6 34.1 ± 6.4* 17.3 ± 1.2 41.6 ± 5.6* 12.6 ± 1.7 42.7 ± 6.0* 11.5 ± 1.8 9. with a protein assay kit (Bio-Rad Laboratories, CA, USA). Twenty µ g of each sample supplemented with 3X SDS were electrophoresed on a 7.5% SDS-polyacrylamide gel under a nonreducing condition. The protein on the gel was consequently transferred to the PVDF membrane (Bio-Rad Laboratories, CA, USA). The membrane was incubated over night with the primary antibodies used at a concentration of 1:1,000 (FAK, pY397, PYK2, pY407), 1:100 (integrin β 1 and β 3), followed by the second antibodies conjugating alkaline phosphatase. The membrane was developed with 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium. Signals were visualized by the ECL detection system (Amersham Biosciences, Uppsala, Sweden) (Nakano et al. 2007; Do e et al. 2009 ).
Statistical Analysis
Statistical analyses were performed with StatView (StatView 5.0, SAS Institute Inc., Cary, NC). Comparisons of parameters between 2 groups under different conditions were made by 2-way ANOVA, followed by Scheffe's test. All values are presented as mean ± SEM. A value of P < 0.05 was considered to be statistically significant. 
Results

Blood Pressure and Left Ventricular Hypertrophy
Abdominal aortic banding significantly increased blood pressure in the carotid artery but not in the femoral artery at 6 hours after the procedure, and then maintained the selective hypertensive state in upper body at 3 days and 1 and 4 weeks after the procedure, as compared with the sham-operated group (Table 1) . Left ventricular hypertrophy was developed at 3 days after abdominal aorta banding (Table 1) . Plasma levels of angiotensin II and renin activity were significantly elevated at 6 hours, 3 days and 1 week in the aorta-banded group as compared with the sham-operated group, whereas these values were reduced at 4 weeks with no difference between the 2 groups (Table 1) .
Expression and Phosphorylation of FAK
Western blotting showed that the expression of FAK (Fig. 1) and FAK phosphorylation at tyrosine residue 397 ( Fig. 2A-B) were progressively enhanced only in the proximal aorta but not in the distal aorta in the AO group as compared with the SO group. In contrast, no changes were noted in the SO group. However, there was no significant difference in the ratio of FAK phosphorylation to FAK expression during the experiment (Fig. 2C) . 
Expression and Phosphorylation of PYK2
Western blotting showed that the expression of PYK2 (Fig. 3) and PYK2 phosphorylation at tyrosine residue 402 (Fig. 4A-B) were significantly enhanced at 1 and 4 weeks only in the proximal aorta but not in the distal aorta in the AO group as compared with the SO group. In contrast, no changes were noted in the SO group. However, there was no significant difference in the ratio of PYK2 phosphorylation to PYK2 expression during the experiment (Fig. 4C) .
Expression of Integrin β 1 and β 3
Western blotting showed that no changes were noted for integrin β 1 (Fig. 5 ) or integrin β 2 (Fig. 6 ) in both groups.
Discussion
The novel finding of the present study is that the expression and phosphorylation of FAK and PYK2 in the aortic wall are enhanced by mechanical stress but not by systemic humoral factors in rats in vivo and that altered expression of integrins may not be involved in the present rat model of hypertension. Since FAK and PYK2 are the important non-receptor tyrosine kinases that play an important role in transducing mechanical stress to biochemical pathways by coupling with integrins, the present study demonstrates the importance of mechanical stress per se in the atherogenesis of hypertension.
Mechanical Stress and Vascular Remodeling
In hypertension, vascular remodeling can be induced by both elevated blood pressure and enhanced circulating humoral factors (Lehoux and Tedgui 1998; Fukumoto et al. 2007) . It has been shown that the mechanical stress generate intracellular signals through several growth factor receptors, ion-channels, cytoskeletons, all of which are the candidates of sensing mechanical stress and among them, integrins are important mechanosensors (Lehoux and Tedgui 1998; Li and Xu 2000; Ali and Schumacker 2002; Shyy and Chien 2002) .
Integrins on the cell surface are the receptors of extracellular matrix that modulate tissue morphology and function (Giancotti and Ruoslahti 1999) by transmitting extracellular signals into cells through activation of integrinassociated protein such as FAK. FAK is known to co-localize the integrin receptors at cell-substratum contact sites termed as focal adhesions and to be phosphorylated by Fig. 4 . PYK2 phosphorylation is enhanced by elevated blood pressure.
(A) Representative Western blot showing the expression of pPYK2 in the proximal and distal aortas from the banding site in the aorta-banded (AO) and sham-operated (SO) groups at 6 hours, 3 days, and 1 and 4 weeks after the operation.
(B) Quantitative analysis of pPYK2. pPYK2 expression was normalized to the level of expression in the distal aortas of the SO group at each period. (C) There was no significant difference in the ratio of PYK2 phosphorylation to PYK2 expression.
Results are expressed as mean ± SEM. *P < 0.05 vs. other 3 groups.
clustering of integrins (Schlaepfer et al. 1999) . Mechanical stretch promotes FAK phosphorylation in various types of cells followed by activation of MAP kinase cascades (Li and Earp 1997; Smith et al. 1998; Torsoni et al. 2003) . It has also been reported that FAK phosphorylation is enhanced by pressure stimulus in isolated mesenteric arteries (Rice et al. 2002) . Taken together, these results indicate that FAK plays a central role in mechanical signal transduction by coupling with integrins. Among several sites in the integrin-stimulated FAK tyrosine-phosphorylation, tyrosine residue 397 (Tyr397) is the most important phosphorylated site because as FAK with mutant Tyr397 failed to activate ERK stimulated by fibronectin . Furthermore, Try402 site of PYK2 is also known to be one of the major phosphorylation sites of PYK2, which plays an important role in the MAP kinase activation through the PYK2 signaling pathway (Avraham et al. 2000) . In the present study, we were able to demonstrate that the expression of FAK and PYK2, as well as the phosphorylation of these molecules, were significantly enhanced only in the proximal aorta but not at the distal aorta at 1 and 4 weeks as compared with the sham-operated rats. However, there might be differential roles of FAK and PYK2 signalings in the remodeling of hypertensive rat aorta. Indeed, it has been reported that PYK2 overexpression is associated apoptosis (Xiong and Parsons 1997) , whereas FAK overexpression promotes cell survival in vitro (Chan et al. 1999) . Thus, it is conceivable that the increased expression and phosphorylation of both FAK and PYK2 in remodeling of hypertensive aorta results in differential activation of downstream signaling to individual MAP kinase cascade.
Humoral Factors and Vascular Remodeling
In cultured VSMC, it has been reported that angiotensin II increases phosphorylation of FAK and PYK2 (Govindarajan et al. 2000; Rocic et al. 2002) ; however, the differential effects of blood pressure and humoral factors remain to be elucidated. In the present study, we thus used the rat model of abdominal aorta-banding with the plasma levels of circulating humoral factors but with different blood pressure between the upper and lower bodies and the results indicated that circulating humoral factors may not substantially be involved in the phosphorylation of FAK and PYK2 in the present model. It was demonstrated that overexpression of FAK protein in cultured fibroblasts leads to activation of extracellular-related kinase and that overexpression of PYK2 protein also accelerates phosphorylation of the downstream Src, Shc, and p130 CAS (Li and Earp 1997; Sieg et al. 1998 ). These findings suggest that phosphorylation of tyrosine kinases may be enhanced not only by phosphorylation of the upstream tyrosine kinases but also by that of a total amount of protein expression of those molecules. In the present study, we were able to demonstrate that acute and chronic hypertension enhances the protein expression of FAK and PYK2 as well as the phosphorylation of these molecules in the proximal aorta of aorta-banded rats.
Limitations of the Study
Several limitations should be mentioned for the present study. First, we have demonstrated that the expression of β 1-and β 3-integrin was not increased in the proximal aorta, where the expression levels of FAK and PYK2 were increased. Although the property of interaction between integrin and FAK in cytoplasm has not been well documented (Giancotti and Ruoslahti 1999) , it is recognized that integrins have three functional states, including latent, active and ligand-occupied states (Luque et al. 1996) and that overexpression of FAK leads to phosphorylation of MAP kinases through activating integrins . Thus, activation of integrins might be involved in phosphorylation of tyrosine-kinases in hypertension. This point remains to be examined in future studies. Second, although we performed the in vivo experiment to evaluate the total and phosphorylated FAK and PYK2, we did not evaluate the intracellular mechanisms by mechanical stretch or pressure overloaded. This point also remains to be examined in future studies.
Conclusions
In the present study, we are able to demonstrate that phosphorylation of FAK and PYK2 is enhanced by elevated blood pressure but not by humoral factors in the rat aorta, demonstrating novel aspects of atherogenesis in hypertension.
